Abstract-The use of composites in aircraft manufacturing is growing dramatically. Ultrasonic guided waves (UGW) can propagate a long distance, and thus have been used in structural health monitoring (SHM) for large area composite structures like wings and fuselages. In this paper, a movable linear-array transducer along with time-reversal migration (TRM) technique has been adopted as a nondestructive inspection (NDI) tool to rapidly inspect and reconstruct the image of damage in composites. With this linear-array transducer, each time one element is used as the actuator and the rest of elements are used as receivers. Subsequently, a TRM image of damage (or the secondary sources) in the composite specimen is reconstructed through TRM technique. By sequentially switching the element in the linear-array transducer as the actuator, a set of TRM images of the same damage in the composite are reconstructed. Through stacking all images together, a final image of the damage with higher accuracy and lower noise rather than each individual image can be obtained. Experiment results confirm that the linear-array transducer and TRM technique can be a promising NDI tool for rapid inspection of damage in composite structures.
I. INTRODUCTION
The use of composites in aircraft manufacturing is growing dramatically. For example, almost the entire fuselage of a Boeing 787 is made of composite. The same growth is being observed in military aircraft such as F35 fighters and A400 transports. Bonded joints are widely used in composite structures. Therefore, the assessment of structural integrity of composite materials and bonded assemblies becomes vitally important for the safety of the aircraft and its crew members.
To ensure the integrity of composite structures and bonded joints, a variety of nondestructive evaluation (NDE) technologies have been developed over the past three decades [1] [2] [3] . Among them, the ultrasonic and acoustic based technologies (e.g., ultrasonic C-scan, resonance, mechanical impedance analysis, and tap test) have proven to be successful in many field applications, especially in inspecting delamination and disbond. However, most conventional ultrasonic NDE methods are based on a point-by-point inspection scheme, which is either subjective in manual operation or time-consuming when a large area needs to be inspected.
Ultrasonic guided waves can propagate a long distance, and thus have been used in structural health monitoring (SHM) for large area structures like wings and fuselages [4] [5] . They can detect not only the damages on the surface of the structures, but also the flaws inside the structures. Conventional guided wave based SHM technologies require embedding a distributed actuator/sensor array around the monitoring area (often referred to as a "hotspot"). With this configuration, a pitchcatch scheme is always employed in generating and collecting acoustic wave signals. The detected signals are then compared with those acquired from the initial state (often referred to as "baseline") to determine the present of defects or reconstruct the image of the flaw within that monitoring region. Therefore, a portable, rapid nondestructive inspection (NDI) tool for large area composite structures and bonded assemblies is highly desirable.
In this study, we investigated the use of a movable lineararray ultrasonic guided wave transducer in combination with the time-reversal migration (TRM) technique for rapid inspection of composite structures. A guided-wave based ultrasonic linear-array transducer, operating in a pulse-echo mode, is used to activate/receive guided waves in a test object. The detected ultrasonic signals from backscattering waves are then processed by the TRM technique, which was originally developed in geophysical exploration and seismic prospecting. As a result, an image with location, dimension, and seriousness of flaws in the structure can be reconstructed and visually displayed. This research work aims at the development of a portable NDI system, which will be suitable for field testing of defects (such as delamination and disbond) and damages (e.g., fiber breakage and impact damages) for various composite structures and bonded assemblies.
II. TIME-REVERSAL MIGRATION TECHNIQUE
The TRM technique originates from the geophysical migration technique. In geophysical exploration, a wave source (primary source) is exploded on the Earth's surface and the sound reflected from underneath the Earth is recorded by a linear array of geophones (receivers). Migration attempts to form the image of subsurface reflectors by moving or "migrating" the recorded wavefield to their actual spatial locations, topology of the Earth's interior. The inverse process deals with back-propagating the recorded waves to obtain geological information (secondary sources) by systematically solving the wave equation as time dependent boundary value problems based on Huygens' Principle. From mathematical viewpoint, identifying the sources, which appear on the right hand side of the wave equation, is a well-posed problem. The migration technique treats the Earth's interior as secondary sources and therefore transfers an ill-posed problem to a wellposed problem and results in an unique solution. Geophysical migration technique has been applied in a NDE system in order to interpret the scattered guided waves, because of the similarity of the procedures of generating, collecting, and processing the wave signals between the geophysical prospecting and NDE/SHM [6] [7] .
For a linear-array transducer system, each element can excite guided waves in a plate-like structure. All the elements collect the back-scattering waves and a time section are assembled. In poststack migration, the time sections of different excitations are Normal Moveout (NMO) corrected then added up to develop a zero-offset section, which is the data form to be used in the migration. [8] This stacking process increases the signal-to-noise ratio (SNR) and thus improves the quality of the migration. However, NMO correction is based on the assumption that the reflectors are flat layers, thus poststack migration is only suitable for the case that transducers are distributed along an array and the interfaces of the flaws are parallel to this array. If the recorded signals are transformed into a zero-offset data before the migration, the information of reflection amplitude relating to actuator-sensor distance (offset) might be lost. Hence, time sections without correction from a single excitation are used to execute the migration. The stacking is processed after the migration, so called prestack migration, and is applied to the migrated images. The most appealing feature of the prestack migration is that it relaxes the limitation of the fixed pattern of distributed actuators/sensors and it has the potential to identify the location, shape, and form of arbitrary number of damages [8] .
The wave-based migration can be performed in the spacetime domain, the space-frequency domain, the wavenumberfrequency domain or the wavenumber-time domain. The numerical techniques employed in migration processes can generally be divided into three categories, namely, the finite difference approach, the summation approach and the transformation approach. Time-reversal finite difference migration with its 2-6 order MacCormack algorithm was discussed in detail in the reference [8] , and thus will not be repeated here. In this migration method, the time section is reversed with respect to time first. Each trace is treated as a time-dependent boundary condition of transverse deformation velocity at the grid point corresponding to the sensor. Because the finite difference algorithm used is a two-step time splitting method, the time step in the migration is twice the time step in synthesizing the wavefield. By applying the boundary conditions at all sensor locations at each time step, the received reflection waves are back-propagating towards the damages or secondary sources, and the damage is identified by imaging the plate in accordance with the imaging condition [9] . This imaging condition is explicit and each grid point in the image space has its own image time. Thus, at each reverse time step i ∆t, imaging is processed on all grid points and those points located on a locus are defined by
where td is the direct (physical) time arrival from the transducer to the point, N is the maximum time step.
Because the detectability of different damages is strongly dependent on the incidence angle of ultrasonic waves, migration of time sections from a single transducer might not give a complete image of the damages. For a plate-like structure with a linear-array transducer, each time one element is used to excite guided waves and all other elements collect the reflection signals, and then a time section is assembled. Applying migration to each time section gives an image of the plate. A complete image could be obtained by adding up all these images. This stacking process after the migration also increases the SNR. The more elements in the linear-array transducer are used, the higher SNR and the better resolution can be obtained for the final image.Maintaining the Integrity of the Specifications.
III. COMPUTING DISPERSION OF GUIDED WAVES IN COMPOSITES
Transient waves traveling in the composites along arbitrary direction in general cause disturbance involving all three displacement components, called generalized plane deformation due to anisotropy of the material. Three types of pure wave modes descried in isotropic plates are usually coupled in composites. A theoretical framework was developed for displacement expression of plane harmonic waves using 3-D elasticity. Focus was first on the Lamb waves in a single lamina (monoclinic plate) where a compact closed-form dispersion relation can be derived by separating symmetric and anti-symmetric modes using trigonometric functions through the lamina thickness. Special cases where the waves propagate in the symmetry axis of the material such that the uncoupling of S and A waves and SH waves were considered. Then a modified exponential form in the thickness direction was developed for deriving the dispersion relation for a composite laminate, with special emphasis on the symmetric laminates.
A Cartesian coordinate system is used with z axis normal to the mid-plane of a composite laminate spanned by x and y axes. Two outer surfaces of the laminate are at 2 h z . A packet of Lamb waves propagates in an arbitrary direction θ, which is defined counterclockwise relative to the x axis. Each layer of the composite laminate with an arbitrary orientation in the global coordinate system (x, y, z) is considered as a monoclinic material having x-y as a plane of symmetry, the stress-strain relations therefore take the following matrix form: 
When the global coordinate system (x, y, z) does not coincide with the principal material coordinate system (x', y', z) of each layer but makes an angle with the x axis, the stiffness matrix ij C (i, j = 1, 2, 3, , 6) in (x, y, z) system can be obtained from the lamina stiffness matrix ij C in (x', y', z) system by using a transformation matrix method. The lamina is orthotropic or transversely isotropic with respect to the principal material axes in (x', y', z) and its lamina stiffness matrix ij C can be calculated from the lamina engineering material properties k E , kl , and kl G (k, l = 1, 2, 3).
In an off-axis lamina, the solutions of wave motion equation can be simply separated into symmetric and antisymmetric wave modes, which render the analytical representation particularly simple:
cos , cos , sin
where is an unknown variable to be determined later; moreover the subscripts s and a represent symmetric and antisymmetric modes, respectively. The interfaces between layers are assumed to be perfectly bonded. The displacement components of each layer in the z axis Eq. (3) needs to be modified in exponential forms to accommodate the inhomogeneity of the multi-layered laminates:
Substituting these expressions into the equations of motion, which may be rearranged in a matrix form Using Eq. (4), it may be observed that symmetric and antisymmetric wave modes in general laminates cannot be decoupled. However, in designing the composite structures, symmetric laminates are practically used. A robust method is proposed to separate the two types of wave modes by imposing boundary conditions at both top and mid-plane surface. Traction-free boundary conditions on the top surface of the laminate are given by
Because of the symmetric geometry and symmetric material property of the laminate, only half of the laminate needs to be considered and then the following conditions on the stress and displacement components at the mid-plane for symmetric modes are imposed By imposing displacement and stress continuity conditions along the interfaces of half layup of an N-layered laminate, total 3N equations are constructed if the assemble matrix method is used. Then set the determinant of the 3N equations to zero, and numerically solve the resulting transcendental equation for the dispersion relations of Lamb waves in symmetric laminates.
In our study, the transfer matrix method is adopted due to its stable nature of the numerical implementation. The composite material used in this study is AS4/8552-2 graphite/epoxy as shown in Table I and AS4/3502 graphite/epoxy as shown in Table II . In Fig. 1 , for AS4/8552-2 laminate with stacking sequences of [45/0/90/45]2s, the phase velocity and group velocity for anti-symmetric mode have been obtained by both theoretical and experimental methods. In Fig. 1 , the dispersion curve has been shown for AS4/3502 laminate. 
IV. MOVABLE LINEAR-ARRAY ULTRASONIC TRANSDUCER
A movable linear-array transducer was developed in this study. Piezoelectric ceramic disks of 7mm in diameter, 0.3mm in thickness, and 300kHz resonant frequency were used to fabricate the movable linear-array transducer. These piezoelectric disks were first connected with electrical leads and then fixed in a plexiglass strip of dimensions 11"×1"×0.1". Fig. 3 shows the front view and back view of the fabricated movable linear-array transducer prototype, which contains 9 elements with a spacing of 1" between two adjacent elements. The use of plexiglass as the base of the linear array transducer provides certain flexibility of the array to conform the composite specimen surface. Similar to most ultrasonic testing, a gel-or liquid-type of couplant is needed for the movable linear-array transducer to allow the acoustic energy passing through the gap between the sensor and the specimen during testing. Graph a) to i) corresponding to element 1-9 in the movable linear-array transducer prototype. In each graph, the yellow curve is the excitation pulse applied to the actuator and the other curve is the received signal of array transducer element.
To test the fabricated movable linear-array transducer prototype, we put it on a composite specimen, which has a surface mounted piezoelectric disk functioning as an actuator, while the movable linear array transducer functions as the receiver. The actuator was excited with a tone-burst of a center frequency 100 KHz, which generates A0 mode Lamb wave in the composite specimen for the movable linear array transducer to pick up. Fig. 4 shows the recorded time waveforms of each element in the movable transducer array. Each graph contains two waveforms, the yellow one being the excitation voltage applied to the actuator, which is used as the reference. The other waveform in the graph is the received signal from the linear array transducer element. The received signals also show a bump at the same time to the reference signal. This is due to the electrical coupling through the bare wires between the actuator and receivers. We notice that the directly electrical coupling signal of element #2 (as shown in Fig. 4b is significantly larger than that of the rest elements. By carefully checking the connection of the sensor #2, we found that the ground lead that connects to the front electrode of piezoelectric disk is broken. Without the ground, this element has only a floating positive line, thus is prone to the surrounding electromagnetic interference. Nevertheless, the overall movable linear array transducer prototype shows good consistence and high sensitivity to pick up guided waves in the composite specimen.
V. EXPERIMENTAL SETUP
To test the movable linear-array transducer and TRM approach for inspection of composite structures, we built an experimental setup with general purpose equipments such as a function generator, power amplifier, digital oscilloscope, and computer, etc. There is no defect in this sample. To mimic the defects in the composite panel, we lay down the sample on an optical table made of steel and use magnets on the surface to change local material acoustic impedance. This convenient approach has been developed and used in our previous studies. To make a round-robin transmitter-receiver for each element in the linear-array transducer, we manually switched the connections of the selected transducer element as the transmitter and the rest elements as receivers. For the linear-array actuator/sensor system, each actuator excites the lowest modes (e.g., A0 and S0) of transient flexural incident wave with same waveform into the structures. All remaining sensors collect the back-scattered waves. In this setup, a function generator is used to generate toneburst pulses with desired center frequency. Those toneburst pulses are amplified by a power amplifier and used to excite the actuator. The sensors are directly connected to a digital oscilloscope, which functions as an amplifier and digitizer. The digitized signals are send into a computer for further processing. The excitation pulse generated by the function generator and amplified by the power amplifier is a three cycle tone burst signal shown in Fig. 5a . The spectrum of the signal is shown in Fig. 5b . 
VI. EXPERIMENT RESULTS
For this test, we put the movable linear sensor array on a composite specimen (as shown in Fig.4) . Silicone compound was applied between the linear sensor array and specimen to serve as the acoustic couplant. A rectangular damage was simulated by a magnetic array. The distance between the center of the damage and the element 5 of the linear sensor array, both of which is parallel to 0 degree of the composite, was 10 cm. In the Finite Difference Algorithm, a 400×400 finite difference mesh (∆s=∆x = ∆y =0.002mm) was superimposed on the plate region. The origin of the coordinate system was set at the center of the linear array.
One piezoelectric element serves as an actuator and other elements serve as sensors for one time TR imaging. Due the complexity of geometry of the damages, one TR imaging might not be enough to provided sufficient information, which leads to poor resolution. However, when every element severs as an actuator, nine TR images could be reconstructed and stacked together to increase the resolution.
The final stacked image from the time-reversal migration images of nine actuators is shown in Fig. 7 . The TRM image of the damage fits the actual damage shape much better. Fig. 7 shows nine images of the damage by using timereversal migration technique. Fig. 7a-7i are images of the damage corresponding to the linear-array transducer elements 1 to 9, where the red rectangle is the indicator of the actual location of simulated defect. The discrepancy between different pictures can be spotted, because of the relative position between actuators and the damage. 
VII. CONCLUSION
The time-reversal migration (TRM) technique, which originates from the geophysical migration technique and was used in structural health monitoring (SHM), has been adopted into a NDI tool for rapid inspection of large composite structures. The TRM technique which bridges the distributed actuator/sensor system and collected ultrasonic signals to reconstruct images of the internal features of a test object, makes it possible to realize real-time, automatic and accurate NDI of composite structures. In this study, a movable lineararray transducer was constructed to transmit and receive ultrasonic guided waves in composites. Each time, one element of the linear-array transducer servers as the transmitter/actuator, and the rest elements serve as the receivers. The acquired ultrasonic signals are used to construct an image of the damage inside the sample through TRM technique. By sequentially switching the transmitter/actuator element in the linear-array transducer, a set of TRM images of same damage are obtained. By stacking all TRM images together, a final image of the damage with higher accuracy and lower noise than each individual image has been obtained. Experiment results confirm that this system with a linear-array transducer and TRM technique can be a promising NDI tool for rapid inspection of damage in large composite structures.
